This work aimed to evaluate the effects on renal tissue integrity after hydroxyethyl starch (HES) 130/0.4 and Ringer's lactate (RL) administration in pigs under general anesthesia after acute bleeding. A total of 30 mL/kg of blood were passively removed from the femoral artery in two groups of Large White pigs, under total intravenous anesthesia with propofol and remifentanil. After bleeding, Group 1 (n = 11) received RL solution (25 mL/kg) and Group 2 (n = 11) received HES 130/0.4 solution (20 mL/kg). Additionally, Group 3 (n = 6) was not submitted to bleeding or volume replacement. Pigs were euthanized and kidneys were processed for histopathological and immunohistochemical analyses. Minimal to moderate glomerular, tubular, and interstitial changes, as well as papillary necrosis, were observed in all experimental groups. Pre-apoptosis and apoptosis indicators were higher in pigs that received HES 130/0.4, indicating a higher renal insult. Both HES 130/0.4 and RL administration may cause renal injury, although renal injury may be more significant in pigs receiving HES 13/0.4. Results also suggest that total intravenous anesthesia with propofol and remifentanil may cause renal injury, and this effect can be dose related.
Introduction
It is reported that hydroxyethyl starch (HES) decreases glomerular filtration rate (GFR) [26] , which is considered the main process leading to acute kidney injury (AKI) [2] . The mechanisms by which HES decreases GFR may be associated with increased oncotic pressure in the glomeruli [26] . HES with a higher molecular weight is more prone to cause renal injury than HES with a lower molecular weight [12, 37] . Blood hyperviscosity caused by HES administration may also compromise renal circulation and cause consequent renal ischemic injury [6] .
On the other hand, crystalloid solutions increase transglomerular hydraulic pressure, leading to increased GFR [27] , when compared to HES [19] . Ishikawa et al. [19] found no indication of an independent association between crystalloid total intraoperative volume and AKI, but these same authors demonstrated an association between HES administration and the development of postoperative AKI after lung resection surgery. However, hemodynamics may be improved by HES administration in patients after cardiac surgery, with similar effects in renal function as those from crystalloid solutions [22] . In addition, crystalloid solutions may cause prominent kidney injury in rats when used for resuscitation from hypovolemic shock [17] .
But AKI is only developed after hours, days, or even months after renal insult takes place [2] . The evaluation of post-insult AKI is usually associated with clinical follow-up based on prerenal azotemia and serum creatinine concentrations, in accord with the AKI network classification [23] , or with risk-injury-failure-loss-endstage renal disease criteria [20] . However, even with reduced GFR, prerenal azotemia may not be indicative of damage of the renal parenchyma [1] .
Thus, it is possible that volume replacement solutions may cause injury in the renal parenchyma, but without post-insult-associated clinical signs of AKI. Even if crystalloid or colloid solutions are only administered for a brief period.
Therefore, the objective of the present study was to evaluate the integrity of renal parenchyma after volume replacement with HES 130/0.4 and Ringer's lactate (RL) solution (and not to evaluate the presence of AKI) after acute bleeding, in a pig model under general anesthesia.
Materials and Methods

Animals
Twenty-eight Large White pigs, three months old, were randomly selected thirty days before the beginning of the study. Pigs were housed separately under controlled temperature, humidity, air system filtration, and light/dark cycle conditions. The animals were fed a standard diet and tap water ad libitum. All procedures were approved by the Portuguese Ethics Committee for Animal Experimentation (Direção Geral de Alimentação e Veterinária; approval No. 000228).
Experimental protocol
Pigs were randomly divided into three experimental groups: Group 1 (RL solution, n = 11), Group 2 (HES 130/0.4 solution, n = 11), and Group 3 (control, n = 6).
All pigs in this study were also used in the Ortiz et al.'s study [28] . Additionally, twelve randomly selected pigs from this group were also included in two other studies by the same authors [32, 33] in which pigs received an intravenous 5 µg/kg remifentanil bolus before the bleeding period had started.
The material and methods related to experimental procedures of the present manuscript (anesthesia, monitoring procedures, study periods, and data collection), and the data comparing all groups (demographic, hemodynamic, body temperature, duration of the study periods, and gas analysis) are described in detail in a report by Ortiz et al. [28] and reports by Silva et al. [32, 33] .
In brief, we summarize the methodology relevant to the present study, as originally described by Ortiz et al. [28] . Pigs were fasted overnight but they were allowed free access to water. Pigs were premedicated with intramuscular azaperone (4 mg/kg, Stresnil; Janssen Animal Health, Belgium) 30 min prior to anesthesia induction. After premedication, a 22-Ga catheter was inserted in the right auricular vein for drug and fluid administration. Anesthesia was induced with propofol (4 mg/kg, Propofol 1%; Fresenius Kabi, Germany), followed by tracheal intubation and mechanical ventilation. A propofol constant infusion rate of 15 mg/kg/h was initiated immediately after intubation and remained unchanged during the entire study. Simultaneously, a 0.3 g/kg/min remifentanil (Ultiva; GSK, UK) constant infusion rate was initiated and maintained unchanged until invasive monitoring procedures have stopped. Subsequently, remifentanil administration was changed to a 0.2 g/kg/min constant infusion rate until the end of the study.
An arterial catheter was inserted in the left femoral artery for the collection of blood samples, and for continuous monitoring of blood pressure. Also, a 16-Ga catheter (Abbott Animal Health, USA) was inserted in the right femoral artery for passive bleeding. Surgical approach to the ventral cervical region was performed in order to insert a 7-Fr Swan-Ganz optic catheter (Edwards Lifesciences, USA) in the cranial vena cava, via the external jugular vein.
A multiparametric hemodynamic monitor (Datex-Ohmeda S/5; GE Healthcare, Finland) was used to record body temperature, heart rate, invasive mean arterial pressure, and peripheral oxygen saturation. Data were recorded every 5 sec and stored in a computer running the Rugloop II MO + WAVES software (Demed Engineering, Belgium), via an RS-232 interface.
After completing all monitoring procedures, pigs from Groups 1 and 2 were subjected to a severe acute hemorrhage, by passive removal of 30 mL/kg of blood from the right femoral artery over a controlled period of 20 min. After the end of the bleeding, a 20 min waiting period begun, in which no additional volume was administered. After this waiting period, volume replacement was started at an infusion rate of 999 mL/h, using a 25 mL/kg RL solution (Lactato Ringer Braun; B. Braun Medical, Spain) in Group 1 and 20 mL/kg HES 130/0.4 solution (Voluven; Fresenius Kabi) in Group 2, via the catheter inserted in the cranial vena cava.
The 25 mL/kg RL solution dose used was the minimum dose necessary to obtain a similar hemodynamic response to that of HES 130/0.4 administration during volume replacement (hemodynamic response of Group 1 and Group 2 is reported in detail in Ortiz et al.'s study [28] ), as determined during pretrial testing in pigs. After the end of volume replacement, pigs from Groups 1 and 2 were maintained under general anesthesia for an additional hour. Pigs from Group 3 were subjected to the same instrumentation and anesthetic procedures as those in Groups 1 and 2 but did not undergo controlled hemorrhage.
All pigs in all Groups also received an RL constant infusion rate of 6 + 1 mL/kg/h for each kg above 20 kg of weight (as described in another study [21] ) during the entire anesthetic procedure in order to compensate for physiological undetected fluid loss.
Arterial blood samples were collected from the left femoral artery from pigs in Groups 1 and 2 for blood gas analyses (Instrumentation Laboratory, USA) during four periods: before beginning of bleeding; at the end of the waiting period (20 min after the end of controlled bleeding), at the end of the volume replacement period (time needed to infuse the total amount of calculated fluids); and at the end of the study. For Group 3, blood gas analyses were performed following instrumentation for monitoring procedures and at the end of the study. The time under general anesthesia for pigs in Group 3 was matched to the total time under general anesthesia for pigs in Groups 1 and 2.
Sample collection and sacrifice
Blood samples were collected from the left femoral artery before the beginning of the bleeding, and at the end of the study for determination of the blood levels of urea nitrogen (blood urea nitrogen) and creatinine. At the end of the experimental procedures, all animals were euthanatized by intravenous administration of potassium chloride (4 mmol/mL) in the cranial vena cava. A necropsy was performed and right and left kidneys were collected, rinsed in a solution of 0.9% sodium chloride, and immediately immersed in 10% neutral-buffered formalin for a maximum of 48 h for posterior analysis.
Histological analysis
Histological analysis was performed on all animals. After fixation, the kidney samples were dehydrated through a graded ethanol series, embedded in paraffin wax, and 3 m-thick sections were stained with H&E and with periodic acid-Schiff. Histological evaluation was performed under light microscopy (Zeiss Axioplan 2 Microscope; Zeiss, Germany) by two study-blinded pathologists. Renal damage was assessed for glomerular, tubular, interstitial and vascular lesions, and papillary necrosis following the classification previously used by other researchers [9, 11, 34] . A grade from 0 to 3 was attributed for the majority of the renal lesions: Grade 0 (absence of lesion), Grade 1 (＜ 25% of the kidney area affected), Grade 2 (25-50% of the kidney area affected), and Grade 3 (＞ 50% of the kidney area affected). Tubular basement membrane irregularity was classified as regular (Score 0) or irregular (Score 1). Inflammation was assessed as absent (Grade 0), present around the atrophic tubules (Grade 1) and in more areas beyond the atrophic tubules (Grade 2).
Apoptosis analysis
Renal apoptosis was assessed in six animals from each experimental group through the immunoexpression of M30 and by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The occurrence of pre-apoptotic changes involving the mitochondrial membrane was evaluated through the immunoexpression of cytosolic cytochrome c.
Briefly, immunohistochemistry analysis for cytochrome c detection was performed by using the Avidin-Biotin indirect method, via the streptavidin-biotin complex (ImmunoCruz goat LSAB Staining System: sc-2053; Santa Cruz Biotechnology, USA). Sections were incubated overnight at room temperature with primary antibody for cytochrome c (cytochrome c [C-20]: sc-8385; Santa Cruz Biotechnology) at a dilution of 1:500. Cytochrome c immunoexpression was scored in terms of staining intensity (0, undetectable; 1, weak; 2, moderate; 3, intense; or 4, very intense) and staining pattern (diffuse or punctate). Additionally, the percentage of immunopositive cells was semi-quantitatively assessed based on the observation of ten representative fields at a magnification of 400× in each section.
The expression of M30 was evaluated by immunofluorescence using a commercial kit (M30 Cytodeath Fluorescein; Roche, Germany) according to the manufacturer's instructions. Similar to the scoring described above for cytochrome c, immunoreactivity was scored according to the staining intensity (graded from 0 to 4), staining pattern (diffuse or punctate) and extension (percentage of positive cells semi-quantitatively assessed).
The TUNEL assay was performed by using the In Situ Cell Death Detection Kit, POD (Roche) according to the manufacturer's instructions. The number of TUNEL-positive cells (nuclei/apoptotic bodies) was assessed in 40 random high-power fields (magnification of 400×): about 20 glomerular cross-sections and 20 fields of tubulointerstitium were examined from all animals [16] .
Statistical analysis
Statistical analysis was performed by using SPSS for Windows (ver. 13.0; SPSS, USA). Data were tested for a normal distribution and variance by using the Shapiro-Wilk normality test and Levene's test, respectively. Analysis of variance (ANOVA) using Bonferroni corrections for pairwise comparisons was used to analyze data with a normal distribution. If a normal distribution was not assumed, data were analyzed by using the Kruskal-Wallis test with Dunn's post-test for multiple comparisons. Continuous data are expressed as mean ± SD values or as percentage values, as appropriate; p values lower than 0.05 were considered statistically significant.
Results
Resuming, no significant differences were observed between groups in terms of demographics, hemodynamic variables, body temperature, gas analysis, or in the duration of the different periods of the study. Additionally, no significant differences were observed in BUN and in creatinine values among groups (Table 1) .
Histological analysis
The histological analysis was performed for all animals and revealed minimal to moderate changes in the renal tissue of pigs in Groups 1 and 2. The lesions were categorized as glomerular, tubular, interstitial, and papillary ( Table 2 , Figs. 1-3) . When comparing the groups, glomerular hypercellularity was highest in Group 3 (p ＜ 0.05), and the congestion was lowest in Group 2 (p ＜ 0.05) ( Table 2) .
Pre-apoptosis and apoptosis analyses
Pre-apoptotic events were assessed through examination of the immunoexpression of cytochrome c. Apoptosis was assessed through examination of the immunoexpression of M30 and by performing the TUNEL assay. These analyses were performed in six animals from each experimental group.
Cytochrome c: All epithelial cells (100%) of the proximal and distal convoluted tubules from all experimental groups exhibited punctate cytoplasmic staining for cytochrome c but with variable intensity. Similarly, all epithelial cells of the thick segment of Henle's loop were immunopositive for cytochrome c in all experimental groups, with an intensity mainly classified as 4 (very intense) ( Table 3 , Fig. 4 ). Glomeruli and transitional epithelium were negative for cytochrome c antibody in all experimental groups.
Regarding the thin segment of Henle's loop, three animals in Group 1 (50%) presented punctate cytoplasmic immunolabeling for cytochrome c, with 50% to 75% of immunopositive cells, and a staining intensity varying between weak and moderate. In Group 2, six animals (100%) presented similar punctate cytoplasmic immunolabeling for cytochrome c as that in Group 1. In Group 3, the thin segment of Henle's loop was negative for cytochrome c antibody in all animals ( Table 3) . All animals from Group 1 exhibited an immunoreactivity for cytochrome c in 75% of the collecting tubules' cells, changing from weak to moderate. In Group 2, immunoreactivity was observed in 75% to 100% of the collecting tubule cells, and with similar staining intensity as that in Group 1. Cells from collecting tubules presented an immunopositivity of less than 25% in four animals, and of 75% in the other two animals, with a staining intensity varying from moderate to very intense (Table 3) .
M30: Glomeruli, distal convoluted tubules, thin segment of Henle's loop, and transitional epithelia were negative for M30 in all experimental groups. All animals from Group 1 exhibited a punctate cytoplasmic immunopositivity for M30 in all epithelial cells of proximal convoluted tubules, with an intensity varying from weak to intense. Animals in Group 2 exhibited a similar cytoplasmic immunopositivity, but with a higher level of staining intensity, varying from intense to very intense. In Group 3, only one animal presented immunopositivity of proximal convoluted tubules' cells for M30, with a weak intensity ( Table 4 , Fig. 4) .
Only one animal from Group 1 exhibited immunopositivity of epithelial cells of the thick segment of Henle's loop for M30, with a weak intensity, and none from the control group was positive. On the other hand, four animals from this group exhibited immunopositivity of all cells of the thick segment of Henle's loop for M30, with an intensity varying from moderate to intense. The cells of the thick segment of Henle's loop were negative for M30 in all animals from Group 3 ( Table 4 , Fig. 4) .
When considering collecting tubules, four animals in Group 2 exhibited an immunopositivity of less than 25% in the cells of collecting tubules, with a weak intensity. All animals from Group 2 exhibited an immunopositivity of less than 25% in the cells of collecting tubules, with an intensity varying from moderate to intense. One animal in Group 3 exhibited an immunopositivity of less than 25% in the cells of collecting tubules, with a weak intensity ( Table 4 , Fig. 4) .
TUNEL: no differences were observed between groups in the glomeruli, nor in the interstitial tissue. The number of positive cells in renal tubules was lower in Group 1 than in Group 3 (p ＜ 0.05). Although the difference in the immunopositive cells between Group 1 and Group 2 did not achieve statistical difference, it is very important to note the huge difference in the cells marked in these two groups (281 [Group 1]) vs. 1,598 [Group 2]) ( Table 5 , Fig. 4 ).
Discussion
Our study addressed the effects of RL and HES 130/0.4 administration on renal tissue in a pig hemorrhagic model under general anesthesia. In general, the histopathological renal lesions were discrete in both Group 1 and Group 2. On the other hand, immunohistochemistry analyses suggested that RL administration may be more effective than HES 130/0.4 in preserving the integrity of kidney cells after severe acute blood loss, by decreasing the level of pre-apoptotic and apoptotic events.
It has been reported that remifentanil and propofol itself, or combined with other drugs, may cause renal injury in healthy human patients [5, 10, 35] . Additionally, all pigs from all groups of our study were premedicated with azaperone, and this drug accumulates in pigs' kidneys and may also contribute to kidney damage [3, 7, 24, 38] . A significant blood loss followed by volume replacement causes hemodilution. While maintaining constant the drugs' infusion rates, the propofol and remifentanil plasma concentrations may have decreased in Groups 1 and 2 due to this hemodilution. The histological lesions observed in pigs from Group 3, although less severe when compared with the bleeding groups, suggests that using higher plasmatic concentrations of propofol and remifentanil during total intravenous anesthesia may induce a higher renal damage, despite keeping all cardiovascular and ventilatory parameters within their normal range of values.
The inclusion of a positive control group in our study, where bleeding would have also occurred but was not followed by volume replacement, would have provided significant information about possible parenchymal renal lesions due to the hypoperfusion itself. However, it is known that transient ischemia due to hypovolemia is a common cause of renal injury [15] , particularly due to lesions caused in proximal tubular epithelial cells, highly sensitive to acute ischemia [4] , which, in turn, would cause a reduction in the GFR due to an increased backleak mechanism [25] . On the other hand, propofol infusions may cause a significant decrease in renal perfusion [29] , an important fact to consider when performing a renal histological evaluation after more than four hours of total intravenous anesthesia with propofol, as occurred with all pigs in our study. Thus, Group 3 in our study was used to provide information about the influence of prolonged total intravenous anesthesia with propofol on renal tissue. When analyzing renal lesions individually, it was observed that the animals from all groups exhibited lesions suggestive of acute (hyaline casts, degeneration) and chronic processes. The fibrosis and inflammatory infiltrate, which were observed in all experimental groups but more frequently in Group 3, may be associated with background chronic processes and not related to the experimental study. On the other hand, the acute lesions, namely hyaline casts and degeneration, may have occurred because of decreased glomerular filtration or tubular damage.
Alterations in glomerular dynamics are the basis for the development of acute renal failure, as they interfere with the net transglomerular hydraulic pressure. This can be reduced by a decrease in the hydraulic pressure in the glomerular capillary [27] . The GFR is dependent on adequate renal perfusion. As kidneys receive up to 25% of the cardiac output, any compromise of the general circulation or intrarenal circulation, for example by hypovolemia following acute hemorrhage (as in the present study), impaired cardiac output, severe pulmonary hypertension, or sepsis, may cause prerenal azotemia [2] . But, prerenal azotemia is not indicative of damage to the renal parenchyma, even with reduced GFR [1] .
Ishikawa et al. [19] reported that colloid infusions (10% pentastarch 250/0.45, and 6% HES 130/0.4) may cause postoperative AKI after lung resection surgery in a dose-dependent effect. In fact, according to these authors, the odds of AKI development increase 1.5-fold with each 250 mL aliquot of HES. However, it is important to consider that 94% of the patients involved in the Ishikawa et al.'s study [19] were ASA II and III, and with a risk of developing postoperative AKI. On the other hand, Magder et al. [22] reported that, when compared to a crystalloid solution, HES improved hemodynamics in patients after cardiac surgery, and without an increase in renal dysfunction.
HES with a higher molecular weight may cause more pronounced renal injury than HES with a lower molecular weight [12, 37] by either causing higher hyperviscosity with resulting renal ischemic injury [6] or by more significantly decreasing the GFR due to a hyperoncotic glomerular status, with a reduction in the glomerular filtration fraction [26] .
In the present study, pigs were healthy individuals, but it is very likely that after acute hemorrhage, a decrease in the GFR has occurred [2] . However, BUN and creatinine values were within physiologic range during the entire study, supporting the observation that even in conditions of decreased GFR, prerenal azotemia is not indicative of damage to the renal parenchyma [1] . Nevertheless, BUN and creatinine values in the present study must be interpreted carefully, because even in the presence of AKI, a rapid decline in glomerular filtration usually occurs after hours or days [2] . Therefore, the objective of the present study was to evaluate the integrity of renal tissue in a clinical situation under general anesthesia, following volume replacement with a colloid or crystalloid solution after acute hemorrhage and not to evaluate the effect on renal function. Also, in the present study, pigs that received HES 130/0.4 showed a significant degree of pre-apoptotic and apoptotic insult to kidney cells, when compared to those receiving the RL solution. It is expected that the higher the kidney insult, the higher is the probability of compromising renal function, during the hours or days after injury. But, it is important to note that impairment of renal function may not occur, despite kidney injury has been caused. Apoptosis is a physiological gene-driven mode of cell death characterized by typical morphological changes (shrinkage of the cell and nucleus, fragmentation into membrane-bound apoptotic bodies) and DNA fragmentation [31] . Although it has a very important role in renal pathophysiology, it may be activated by several factors that may lead to a considerable loss of cells causing a decrease/loss in renal function [16] . Despite their great ability for self-regulation, kidneys are extremely sensitive to hypoperfusion leading to acute renal failure [13] . Blood loss is a frequent clinical condition following a serious traumatic event or a major surgery, which may lead to ineffective tissue perfusion of vital organs (hypoperfusion), such as the kidneys [14] , and consequently to nutritional and oxidative stress [13] . The markers of pre-apoptosis (cytochrome c) or apoptosis (M30 and TUNEL) were evaluated in all experimental groups.
Cytochrome c is essential for mitochondrial electron transport and intrinsic type II apoptosis. It is now generally accepted that the release of cytochrome c into the cytosol, where it binds with apoptotic protease-activating factor 1, is a key step in the apoptotic cascade [18, 36] . The moderate to intense immunoreaction present in the convoluted tubules and the thick segment of Henle's loop, in the animals from Groups 1 and 3 could have been due to the elevated number of mitochondria present in these structures. However, the higher intensity of reaction exhibited by the same structures in the animals from Group 2 could be related to the release of cytochrome c into the cytosol following pre-apoptotic stimuli. This finding is suggestive of a higher degree of insult to the cells present in the structures mentioned above in animals that received HES 130/0.4 when compared with the animals in which RL solution was used. In addition, the mildly increased intensity of reaction present in the thin segment of Henle's loop, as well as the mildly increased numbers of cells marked in the convoluted tubules, are supportive of a higher degree of insult to the cellular component of these structures in animals that received HES 130/0.4.
M30 is a caspase-cleaved product of keratin 18, a type I intermediate filament protein and a major component of single-layer and glandular epithelial cells. It is released into circulation during apoptotic events of malignant and normal epithelial cells. M30 is expressed during early apoptosis, and its assessment is considered a promising alternative to the TUNEL assay for the detection of apoptotic cells [8, 30] . The low or moderated reaction present in convoluted tubules in Group 1, could be justified by the effect of anesthesia and hypoperfusion, compared with Group 3, in which immunopositivity of proximal convoluted tubules' cells for M30 was almost absent. The higher intensity exhibited by the same structures in Group 2 indicates a higher renal insult in animals that have received HES 130/0.4. Also, the higher staining intensity present in the thin segment of Henle's loop, as well as the higher number of cells marked in proximal convoluted tubules' cells support this conclusion. The results obtained with M30 showed high specificity to apoptotic events, suggesting higher apoptosis in kidney cells after volume replacement with HES 130/0.4 when compared to the administration of RL solution.
TUNEL method relies on the presence of nicks in the DNA which may be identified by terminal deoxynucleotidyl transferase [10] . The number of animals studied was six in each group. This small number of animals resulted in high SD values. The results in our study indicate a possible protective effect of RL solution on renal tubules, by decreasing the number of apoptotic cells. As mentioned in the results section, although the difference in the immunopositive cells between Groups 1 and 2 did not achieve statistical difference, it is very important to note the enormous difference in the number of cells marked in these two groups (281 [Group 1] vs. 1,598 [Group 2] ).
This study addressed kidney injury associated with RL or HES 130/0.4 administration over a brief period of time. Animals that received HES 130/0.4 presented a higher degree of pre-apoptotic and apoptotic insult to the kidney cells when compared to those receiving RL solution. Thus, short-term administration of HES 130/0.4 for volume replacement after severe blood loss during general anesthesia with propofol and remifentanil, may cause a significantly higher degree of renal injury, when compared to RL.
Additionally, our results suggest that total intravenous anesthesia with propofol and remifentanil may cause kidney injury, despite all cardiovascular and ventilatory parameters being maintained within physiological normal range values.
